We studied the early stages of pellicle formation by Mycobacterium smegmatis on the surface of a liquid medium [air-liquid interface (A-L)]. Using optical and scanning electron microscopy, we showed the formation of a compact biofilm pellicle from micro-colonies over a period of 8-30 h. The cells in the pellicle changed size and cell division pattern during this period. Based on our findings, we created a model of M. smegmatis A-L early pellicle formation showing the coordinate growth of cells in the micro-colonies and in the homogeneous film between them, where the accessibility to oxygen and nutrients is different. A proteomic approach utilizing high-resolution two-dimensional gel electrophoresis, in combination with mass spectrometry-based protein identification, was used to analyse the protein expression profiles of the different morphological stages of the pellicle. The proteins identified formed four expression groups; the most interesting of these groups contained the proteins with highest expression in the biofilm development phase, when the floating micro-colonies containing long and more robust cells associate into flocs and start to form a compact pellicle. The majority of these proteins, including GroEL1, are involved in cell wall synthesis or modification, mostly through the involvement of mycolic acid biosynthesis, and their expression maxima correlated with the changes in cell size and the rigidity of the bacterial cell wall observed by scanning electron microscopy.
INTRODUCTION
The formation of biofilms by bacteria is a key strategy in the colonization of natural environments, including plant and animal hosts. Microbial biofilms are concentrated at an interface (usually solid-liquid) and are typically surrounded by an extracellular polymeric substance. Aggregates of cells that are not attached to any surface are sometimes termed 'flocs' or 'clumps' and have many of the same characteristics as biofilms. Biofilms are formed in both natural habitats and defined laboratory model systems (Hall-Stoodley et al., 2004; Koza et al., 2009; Nadell et al., 2009; Lopez et al., 2010) .
Biofilm structures protect the constituents from a wide range of environmental challenges, such as UV exposure, metal toxicity, acid exposure, dehydration and salinity, phagocytosis, and antibiotics and antimicrobial agents (Mah & O'Toole, 2001; Hall-Stoodley et al., 2004) .
When bacteria colonize the surface layer of a liquid, otherwise known as the air-liquid interface (A-L), they face opposing nutrient and oxygen gradients, with access to abundant oxygen from the air above and nutrients from the solution below (Friedman & Kolter, 2004; Branda et al., 2005; Koza et al., 2009) . The lack of a solid surface on which bacteria initiate growth imposes a greater requirement for the self-organization of the constituent cells, and the lack of rapid fluid flow at the air-exposed surface enables the formation of more complex structures (Branda et al., 2005) . In a survey of plant-associated, soil-and river-isolated pseudomonads, 76 % of the isolates were able to form A-L biofilms after selection in static liquid micro-environments, indicating that this is an evolutionarily deep-rooted ability with significant ecological advantages (Ude et al., 2006) . Mycobacteria, like other bacteria, compete for nutrients and have developed sophisticated ways to adapt to different environmental conditions. These adaptations include transitions from planktonic growth to the formation of different types of multicellular communities (Vaerewijck et al., 2005; Kirsebom et al., 2012) . Analysis of mycobacterial genomes suggests that they do not possess the ability to produce exopolysaccharides. In spite of that, mycobacteria form biofilms that either are attached to hydrophobic solid surfaces or float as pellicles on the surface of liquid culture media and very readily form clumps during submerged cultivation in liquid medium (Zambrano & Kolter, 2005) . The morphology and growth strategy of mycobacterial biofilms depend on the type of attachment surface, as well as on the nutrient levels, resulting in the formation of micro-colonies or cord structures (HallStoodley et al., 2006; Saraswathi et al., 2009 ).
The mycobacterial cell envelope has an extremely unusual structure; one of its most striking features is the presence of very-long-chain (C 70 -C 90 ) fatty acids, known as mycolic acids (Brennan, 2003; Zambrano & Kolter, 2005) . It was found that the mycolic acid profiles of Mycobacterium smegmatis were dramatically different in the free-living (planktonic) bacteria compared with the bacteria associated with biofilms. In biofilms, much shorter mycolic acids (C 56 -C 68 ) were found, and these shorter mycolic acids apparently play an important role in the development of the biofilm architecture (Ojha et al., 2005) . Ojha et al. (2005) studied a M. smegmatis mutant lacking GroEL1 and observed that it was unable to develop architecturally complex biofilms; this mutant was also defective in the production of mycolic acids. Mycobacteria are unusual because they encode two forms of the Hsp60 chaperone GroEL (GroEL1 and GroEL2), and these two forms share 60 % amino acid identity (Kong et al., 1993; Ojha et al., 2005) . The GroEL1 mutant behaved similarly to the wild-type cells for up to 3 days but failed to generate the characteristic surface texture during longer periods of incubation. Importantly, this defect was most apparent during biofilm formation, when the shorter-chain mycolic acids accumulate. This suggests that GroEL1 plays a specific role in the synthesis of the C 56 -C 68 mycolic acids (Ojha et al., 2005) .
In this work, we concentrated on the early stages of pellicle formation by M. smegmatis on the surface of a liquid medium (A-L). We employed optical and scanning electron microscopy (SEM) to follow the development of the primary biofilm pellicle during the period 8-30 h. In samples representing different morphological stages of biofilm formation, the protein expression profiles were analysed using a high-resolution two-dimensional gel electrophoresis (2D GE)/mass spectrometry (MS)-based protein identification approach. The variant proteins identified were divided into groups according to their expression profiles, and we discuss the possible roles of these proteins in the early stages of A-L biofilm development. For morphological and proteomic studies of the A-L biofilm, 2 ml of sterile glass beads were poured into each Petri dish (6 cm diameter). The beads were used to enable the direct comparison of the morphology of biofilms that were floating and grown on a glass bead surface. The presence of the beads also made the disruption of the cells easy and reproducible using techniques that have been previously described (Nguyen et al., 2005; Petráčková et al., 2013) . The glass beads (Balotina no. 10; Ornela) had diameters in the range 265-325 mm and were treated as previously described (Nguyen et al., 2005) . Subsequently, the M. smegmatis culture in the exponential phase (OD 600 1.2) was added to the surface of the medium without Tween 80 and was statically incubated at 37 uC for 8, 18, 24 and 30 h in glass boxes with watersoaked cotton wool to prevent the desiccation of the cultures.
METHODS
For SEM analysis, M. smegmatis was cultivated analogously in smaller glass micro Petri dishes (1 cm high and 2 cm in diameter) containing 1 ml of sterile glass beads and 2 ml culture medium.
Preparation of protein samples. The liquid medium was aspirated from the Petri dishes, so that the biofilm pellicle dropped onto the glass beads. A proteinase inhibitor cocktail (Complete; Roche) was added to the Petri dishes, and the dishes were then frozen at 280 uC.
Prior to protein isolation, the Qproteome Bacterial Protein Prep kit (Qiagen) was added to each Petri dish. The whole content of the Petri dish, including the glass beads, was transferred into a glass test tube and vortexed for 106 30 s cycles with 1 min breaks on ice. The beads and cell debris were removed by centrifugation (5 min at 5000 g at 4 uC) and were rewashed with lysis buffer. The proteins were precipitated with 6 % TCA (w/v), incubated on ice for 1 h and centrifuged at 10 000 g at 4 uC for 15 min. The pellets were washed with ice-cold acetone and kept overnight in acetone at 220 uC. The samples were centrifuged (15 min at 10 000 g at 4 uC), and the protein pellets were resuspended in phosphate buffer and treated with a 2-D Clean-Up kit (GE Healthcare). The pellets were finally resuspended in sample buffer containing 7 M urea, 2 M thiourea, 4 % (w/v) CHAPS, 1 % pharmalyte 3-10, 65 mM DTT and bromophenol blue. The protein concentrations were measured using a 2-D Quant kit (GE Healthcare).
2D PAGE and protein visualization. Samples (200 mg protein per sample) were soaked in IPG strips (Immobiline DryStrips, 18 cm, pH 4-7; GE Healthcare) and rehydrated overnight. In the first dimension, isoelectric focusing (IEF) was performed using a voltage that linearly increased to the steady state; the voltage was set to 150 V for 2 h, 300 V for 2 h, 3500 V for 5 h and then stabilized at 3500 V for 31 h (Multiphor II; Amersham Pharmacia Biotech). After IEF, the strips were treated for 10 min with equilibration solution (50 mM Tris/HCl pH 6.8, 6 M urea, 30 % glycerol, 2 % SDS) containing 0.02 g DTT ml 21 , followed by a second 10 min wash in equilibration solution containing 0.025 g iodoacetamide ml 21 and a few crystals of bromophenol blue. SDS-PAGE was carried out on 12 % polyacrylamide slab gels (Investigator; Genomic Solutions). The proteins were visualized using a Colloidal Blue Staining kit (Invitrogen, Life Technologies ). The gels were scanned in greyscale (16 bit) mode using an Expression 10 000 XL scanner (Epson).
Digitalization of gel images and data analysis. 2D gel image analysis was carried out using the PDQuest 7.3.1 software (Bio-Rad). For spot matching and quantification, the raw images were smoothed to remove noise, the background was subtracted, and the spots were detected in non-calibrated quantification mode.
Two biological and four technical replicates were performed for each sample. Statistical analysis was performed using Student's t-test which Air-liquid interface biofilm proteome in M. smegmatis was integrated in the PDQuest software. The changes between the proteomes were followed by creating a set of subanalyses for individual time points. In the subanalyses, two subsequent time points were compared (i.e. 8 vs 18 h, 8 vs 24 h, 8 vs 30 h, 18 vs 24 h, 18 vs 30 h, 24 vs 30 h). These analyses were performed with a difference factor of 2 or 4 (i.e. the protein expression increased or decreased two-or fourfold), and the data were normalized.
Protein identification using MALDI-TOF mass spectrometry.
The colloidal Coomassie blue-stained protein spots were excised from the gel, cut into small pieces and destained using 50 mM 4-ethylmorpholine acetate (pH 8.1) in 50 % acetonitrile (MeCN). After complete distaining, the gel was washed with water, dehydrated in MeCN and rehydrated again in water. The supernatant was removed, and the gel was partly dried in a SpeedVac DNA110 (Savant) concentrator. The gel pieces were then incubated overnight at 37 uC in cleavage buffer containing 25 mM 4-ethylmorpholine acetate, 5 % MeCN and 100 ng trypsin (Promega). The resulting peptides were extracted using 40 % MeCN/0.1 % trifluoroacetic acid (TFA). An aqueous 50 % MeCN/0.1 % TFA solution of 5 mg a-cyano-4-hydroxycinnamic acid ml 21 (Sigma) was used as a MALDI matrix. One microlitre of the peptide mixture was deposited onto the MALDI plate, allowed to air-dry at room temperature and overlaid with 0.4 ml matrix. Mass spectra were measured on an Ultraflex III MALDI-TOF/TOF instrument (Bruker Daltonics) in the mass range 700-4000 Da; the instrument was calibrated internally using the monoisotopic [M+H] + ions of trypsin autoproteolytic fragments (842.5 and 2211.1 Da). The peak lists, which were created using the flexAnalysis 3.3 program, were searched in-house using the MASCOT search engine against the Swiss-Prot 2013_01 or NCBInr20130120 database subset of bacterial proteins with the following search settings: peptide tolerance 30 p.p.m., one missed cleavage site, variable carbamidomethylation of cysteine, oxidation of methionine and protein N-terminal acetylation. If necessary, the identity of the protein candidate was confirmed by MS/MS analysis.
Scanning electron microscopy. The samples were prepared either by removing the biofilm pellicle and depositing the top side or bottom side of the pellicle on a glass slide or by aspirating the liquid medium above the glass beads, causing the biofilm pellicle to drop onto the surface of the beads (Fig. S1 , available in the online Supplementary Material). The samples were processed according to the method described by Kofronova et al. (2002) , with omission of the step using low-melting agarose for sample fixation. The biofilm samples covering the surface of the glass beads were analysed using an AQUASEM scanning electron microscope (TESCAN) at 15 kV, and the biofilm taken from the surface of the medium was analysed using a Vega II LSU scanning electron microscope (TESCAN) at 20 kV. The cell dimensions were manually measured on calibrated digital images using AnalySis3.2 software (Olympus, formerly Soft Imaging Systems), using the 'measure arbitrary distance' function. The length of the individual cells was determined as their maximal longitudinal size. The width was measured in the middle of the cells, perpendicular to the maximal length line.
Optical microscopy. A digital stereo-microscope (National; Motic Group) was used to study biofilm morphology after 8, 18, 24 and 30 h of cultivation.
RESULTS
Optical microscopy of M. smegmatis pellicle formation
The inoculum used for the initiation of pellicle formation was grown in Middlebrook 7H9 broth medium containing Tween 80, and it was carefully spread on the surface of the same medium without Tween 80. In spite of the presence of the non-ionic surfactant in the cultivation medium, micro-colonies were present in the inoculum (Fig. S2a) .
The micro-colonies were less than~30 mm across and they associated into much larger flocs (Fig. 1a) . The detail of a floc that had formed after 8 h is shown in Fig. S2b . Another floc, which was allowed to drop down onto the surface of glass beads, displayed associated micro-colonies on methylene blue staining (Fig. S2c) . The flocs composed of micro-colonies combined into a uniformly thin film at 18 h (Fig. 1b) ; this was apparently achieved by both the three-dimensional growth of the micro-colonies and the growth of the uniform layer of cells between the microcolonies. Within 24 h (Fig. 1c) , the micro-colonies became much thicker -their size was between 70 and 200 mm and their outline clearly protruded from the pellicle; by 30 h (Fig. 1d) , and they began to form a homogeneous and much thicker film, where the micro-colonies were again hardly distinguishable using a light stereo-microscope.
Structure of the M. smegmatis pellicle formed on the air-liquid medium interface SEM was used to analyse cell size and shape in the samples taken at the stages described in the previous paragraph (Fig. 2) . These analyses confirmed our observation from the optical stereo-microscope and revealed that the pellicle that formed on the surface of the medium consisted of an array of bulky micro-colonies joined together by a uniform layer of cells (Fig. 2) . The SEM sample preparation technology we used (Fig. S1 ) allowed us to observe both the top and bottom of the pellicle. We observed the presence of an unidentified extracellular matrix that was visible only on the top of the pellicle (Figs 2, S3 and S4).
The observed building strategy of the pellicle, by association of micro-colonies, is not limited to the formation of a surface floating biofilm. We observed the same modular structure in the biofilm spheres that formed during continuous cultivation of M. smegmatis in a chemostat (Fig.  S5b) . However, when the M. smegmatis biofilm formed on a solid surface, the strategy was different. The biofilm that grew on the surface of the glass beads was composed of uniformly ordered individual cells that were clearly distinguishable in the primary layer (Fig. S6c, d ).
The most striking observation we made during the analyses of pellicle development was the marked difference in the size of the M. smegmatis cells at the beginning of pellicle formation (8 h) and at a later stage (30 h) (Fig. 3) . This change in size was accompanied by a change in the cell division pattern, leading from mycelial type of growth in the early stages of pellicle formation (Figs 2a, 3a and S4) to 'normally' dividing cells in the later-stage pellicle at 30 h (Figs. 2d, 3b ), which were also much smaller. These cells were apparently freed from the thick pellicle formed at 30 h during SEM sample preparation (Fig. 2d) . The mean size of the cells in the 8 h sample was 5.3±1.2 mm (n529) in length and 0.8±0.1 mm (n534) in width, whereas in the 30 h sample, the size was 2.6±0.6 mm (n554) in length and 0.7±0.1 mm (n534) in width. Additionally, we observed changes in the rigidity of the cell wall of M. smegmatis when comparing the early stages of pellicle formation (8 h) to the maturing pellicle at 30 h (Fig. 3) . These changes were represented by collapsed (less dense) midsections of smaller cells compared with the neighbouring more dense polar sections, which are shown by arrows in Fig. 3b . This is in contrast with the uniformly dense large cells observed in the 8 h samples (Fig. 3a) , and this result strongly implies that there were changes in the cell wall composition during the formation of the pellicle biofilm. Moreover, the flattening in the midsection of the 30 h-old cells greatly influenced their measured width. Therefore, the real width of the living cells in these samples should be even less than 0.7 mm.
Proteome changes during M. smegmatis pellicle development at the air-liquid medium interface
Comparisons of 2D gels with protein samples taken at 8, 18, 24 and 30 h of A-L pellicle biofilm development revealed a total of 20 spots with different densities between the individual time samples tested. The selected spots (Fig. 4) were obtained from the integration of all subanalyses comparing the subsequent time points in the experiment (see Methods).
The qualitative analysis revealed four proteins whose synthesis takes place only at a certain time. Synthesis of the protein spots SSP 5813, 7404 and 8606 occurred only at the 30 h time point of biofilm formation. In contrast, protein SSP 7106 was present at 8, 18 and 24 h and disappeared at 30 h (Figs 4 and 5) .
The quantitative analysis of expression changing by a factor of ¢4 showed significant changes in 11 proteins; 5 other proteins changing by a lower factor of ¢2 were also selected. These protein spots had very similar expression profiles during pellicle formation to the proteins changing by a factor of ¢4 (Figs 4 and 5) .
Comparison of the expression profiles of these selected spots led to the formation of four groups of spots with analogous patterns of expression (Fig. 5) . All of the proteins present in the selected spots were identified using MS (Tables 1 and S1 ).
Proteins showing major expression increase between 24 and 30 h
The seven proteins that composed Group I (Fig. 5a ) were present at low or undetectable concentrations in the Air-liquid interface biofilm proteome in M. smegmatis samples from 8, 18 and 24 h. They included two enzymes involved in carbohydrate or nitrogen metabolism, formamidase (spot 2506) and amidohydrolase (spot 4411), the monooxygenase FMO (spot 6713), of unknown function, and, quite surprisingly, translation elongation factor EF-G (spot 5813). The position of this minor spot was different from the EF-G involved in protein synthesis in M. smegmatis (Fig. S7) . The last three spots (7404, 7411 and 8606) were identified as the small and large subunits of propane monooxygenase hydrolase, which is involved in energy metabolism, particularly methane metabolism. Spots 7404 and 7411, which were identified as the small subunits of propane monooxygenase hydrolase, represent apparent post-translationally modified isoforms of the same protein (Fig. S7) .
Proteins showing continuous expression increase between 8 and 30 h
This group of four proteins (Group II, Fig. 5b ) consisted of two enzymes involved in carbohydrate metabolism: dihydrolipoamide acetyltransferase (spot 2801) and propionate-CoA ligase (spot 7701). The remaining two proteins are involved in the stress response and help protect the cell from free oxygen radicals: superoxide dismutase [Mn] (spot 7104) and a protein that has protein-folding activity and possesses a negative regulator of genetic competence, ClpB/ MecB (spot 7814) (Gerth et al., 1998; Lemos & Burne, 2002; Luong et al., 2011) .
A single protein was downregulated
The only protein in this group (Group III, Fig. 5c ) exhibited a continuous decrease in expression from 8 to 30 h; this protein was identified as hypothetical protein MSMEG_5246 (spot 7301), which is homologous to flavin mononucleotide (FMN)-binding proteins.
Proteins with expression maximum between 18 and 24 h
This group of eight proteins (Group IV, Fig. 5d ) is the most interesting group because the peak expression of these proteins coincides with the marked changes in pellicle morphology. Between 18 and 24 h, the size and division pattern of the cells composing the pellicle changed markedly (Figs 2 and 3) . Practically all of the proteins in the group are involved in cell wall synthesis or modification, mostly through the involvement of mycolic acid synthesis (Tables 1 and S1 ). First, the chaperonin GroEL1 was identified (spot 4501); this protein plays an important role in the development of the mature biofilm architecture (Ojha et al., 2005) . Antigen 85-A (mycolyltransferase) (spot 5305), one of the major mycobacterial antigens (Wiker & Harboe, 1992) , was identified as a fibronectin-binding protein in Mycobacterium avium (Kitaura et al., 2000) , and it was recently proposed to play a possible role in lipid metabolism (Singhal et al., 2012) . The starvation-induced DNA-protecting protein (spot 7106) was also identified as a surface protein in Actinomyces naeslundii (Paddick et al., 2006) . The other two proteins identified are known to be involved in either the biosynthesis or catabolism of inositol. Inositol-3-phosphate synthase (spot 3411) catalyses the conversion of glucose 6-phosphate to 1D-myo-inositol 3-phosphate. The methylmalonate-semialdehyde dehydrogenase (spot 6612) was studied in the nitrogen-fixing bacterium Sinorhizobium meliloti as one of the inositol catabolism genes (Kohler et al., 2011) . Finally, we identified three types of alcohol dehydrogenase (ADH) in this group: the iron-containing ADH (spot 5402; 40 kDa, pI 5.0), zincbinding ADH (spot 6303; 34 kDa, pI 5.1) and another iron-containing and N-nitrosodimethylamine-dependent dehydrogenase (spot 7516; 46 kDa, pI 5.4).
DISCUSSION
Over the last decade, a number of studies dealing with aspects of morphology and regulation of biofilm development in mycobacteria have been published, and there have also been several reviews explaining the implications of these findings in the context of both the natural environment and infectious diseases (Hall-Stoodley et al., 2004; Vaerewijck et al., 2005; Schorey & Sweet, 2008; Singh et al., 2011) . In almost all of these studies, only biofilms that had grown for more than 48 h attached to solid surfaces or floating on the air-liquid surface were considered.
The present study focused on the early events in pellicle biofilm formation initiated from a planktonic culture of M. smegmatis grown in the presence of a non-ionic surfactant (Tween 80). Actinobacteria, especially streptomycetes, form mycelial pellets or clumps when grown in shaken liquid medium; these clumps consist of interconnected hyphae of different sizes in streptomycetes (van Veluw et al., 2012) . Clumps of mycobacteria are formed by aggregates of individual cells (Scherr & Nguyen, 2009 ). Our observations of M. smegmatis growth in the pellicle by optical microscopy showed that micro-colonies were already present in the liquid culture (Fig. S2) ; during the first 24 h of biofilm growth, these micro-colonies developed into much thicker and larger compact colonies over 0.1 mm in size. At 30 h, when the compact pellicle was formed, the micro-colonies were no longer distinguishable by light microscopy. These findings were confirmed using a scanning electron microscope. The mycelial form of growth that was observed at the early stage of pellicle biofilm growth has been described under several specific conditions in mycobacteria, including the reversion of M. smegmatis spheroplasts (Udou et al., 1982) and in the conditional M. smegmatis whmD gene mutant. M. smegmatis WhmD is a homologue of WhiB, a Streptomyces coelicolor protein required for sporulation. Deficiency of these essential genes leads to a reduction in the frequency of septum formation and to the mycelial form of growth (Gomez & Bishai, 2000; Raghunand & Bishai, 2006 The measurement of cells from several mycobacterial species showed cell length variability, and the mean length of M. smegmatis mc 2 155 cells was determined to be 4.8 mm (Joyce et al., 2012) . The mean width of mycobacterial cells is less variable (0.6 mm) (Wu et al., 2009; Nguyen et al., 2007) ; however, it can be significantly influenced by the cell wall composition (Wu et al., 2009) . Our analyses of the pellicle structure showed a significant difference in the size of the M. smegmatis cells between the early (8 h) (Fig. 2a) and the later stage (30 h) of pellicle formation (Figs 2d and 3b) . The differences in cell size over time (twofold reduction in length and 25 % in width) were accompanied by apparent changes in the cell wall rigidity of the bacteria during pellicle formation. This fact correlates with our proteomic results that several proteins identified during the early stages of pellicle formation are involved in cell wall synthesis or modification (see below).
Based on our findings obtained by optical and scanning electron microscopy, we created a model of M. smegmatis A-L pellicle formation during the first 48 h (Fig. 6) . The model shows the coordinate growth of cells in the microcolonies and in the homogeneous film between them.
Proteomic analysis revealed four groups of proteins that had different expression patterns. The first two groups (Group I and Group II) combined proteins that increased in expression at 30 h or whose expression increased continuously until 30 h. These proteins were mostly involved in carbohydrate, nitrogen and energy metabolism. However, some of these proteins were also recognized as multifunctional proteins involved in various types of stress response in a number of bacterial species. The propane monooxygenase hydroxylase in Rhodococcus jostii was highly overexpressed in response to organic-solvent stress and starvation stress, which suggests that this gene might be part of a general stress system (LeBlanc et al., 2008; Patrauchan et al., 2012) . Another multifunctional protein is dihydrolipoamide acetyltransferase, which has been suggested to take part in antioxidant defence in Mycobacterium tuberculosis, in addition to its role in intermediary metabolism (Shi & Ehrt, 2006) . Similarly, superoxide dismutase [Mn], which destroys superoxide anion radicals inside cells, was found to be exposed at the cell surface of M. avium (Escuyer et al., 1996) and was upregulated in biofilm of A. naeslundii (Paddick et al., 2006) . This protein was also found in the membrane proteome of Bacillus subtilis exposed to acidic pH (Petrackova et al., 2010) . Intriguingly, we observed the stepwise upregulation of an isoform of elongation factor G (EF-G), which was found on the gel in a position very different from that of the normal EF-G that participates in protein biosynthesis (Fig. S6) . The same protein was identified in an identical position in the proteome of M. tuberculosis (Schmidt et al., 2004) as a unique protein. The function of this protein is unknown.
The most interesting group of proteins (Group IV) represents those with the highest expression in the biofilm development phase, when the floating micro-colonies containing long and more robust cells associate into flocs and start to form a compact pellicle. This is accompanied by a decrease in cell size and a change in cell wall rigidity. In the list of proteins in Group IV, chaperonin GroEL1 should be mentioned first, as it has been shown to regulate the synthesis of the C 56 -C 68 mycolic acids, which play an important role in the development of the mature biofilm of M. smegmatis (Ojha et al., 2005) . The same authors also showed that GroEL1 is required for biofilm maturation, but not for attachment. The deletion mutant (DgroEL1) behaved similarly to its mc 2 155 parent for up to 3 days but failed to generate the characteristic surface texture during longer incubation periods (Ojha et al., 2005) . Our observation of the up-and downregulation of GroEL1 expression during the first 2 days of biofilm pellicle formation indicates that this protein might also play an important role in the transformation from mycelial growth to the growth of normal cells contained in the biofilm communities.
Another protein involved in lipid metabolism, antigen 85-A (mycolyltransferase), was previously described in M. tuberculosis as a surface protein during M. tuberculosis growth in phagosomes (Singhal et al., 2012) .
The other two proteins identified, inositol-3-phosphate synthase and methylmalonate-semialdehyde dehydrogenase, are known to be involved in either the biosynthesis or the catabolism of inositol. Mycobacteria are one of the few groups of eubacteria that contain phospho-inositol (PI) in the membrane. PI serves as a precursor for the generation of more complex glycolipids that compose the outer cell wall of mycobacteria (Reynolds, 2009 ). The latter enzyme was found to be upregulated among a few more abundant proteins in the rpoZ-deletion mutant of M. smegmatis when compared with the wild-type. The rpoZ-deletion mutant was deficient in the selective incorporation of hydroxylated glycopeptidolipids and epoxy mycolates at their respective locations in the cell wall, and this effect, among others, causes defects in the formation of biofilms (Mukherjee & Chatterji, 2008) .
Another protein that possesses cytosolic activity is the starvation-induced DNA-protecting protein, which is known to protect DNA under various kinds of environmental stresses. This protein was shown to be involved in protection of DNA against damage by reactive oxygen species in A. naeslundii (Paddick et al., 2006) , similarly to superoxide dismutase, which was identified in Group II in our study.
The last three proteins in this group were three different types of ADH. These enzymes are also typical cytosolic enzymes and have a wide range of substrate specificities. Some of these enzymes seem to play other roles in several bacterial species. It was suggested that ADH might be involved in the biosynthesis of the free lipids required for the formation of the mycobacterial cell envelope in Mycobacterium bovis (Wilkin et al., 1999) . The fact that the majority of proteins in this group (Group IV) are involved in cell wall synthesis or cell wall modification correlates well with the changes in cell wall rigidity and therefore its structure observed in cells freed from the compact pellicle formed after 30 h (Figs 2d and 3b) .
Formation of biofilm is a very complex process, and much more is known about the attachment of bacteria to solid surfaces than to liquid surfaces. In the case of floating biofilms, practically all of our knowledge concerns biofilm pellicles that are several days old. When the pellicle starts to form on the liquid surface, two problems have to be taken into account. The first is the mechanical or physical problem of how to stay together and float, which has been shown to have significant evolutionary ecological advantages (Ude et al., 2006) . The second, which is biochemical in nature, represents the switch from a situation where oxygen and nutrients are available for all of the cells to a situation where opposing nutrient and oxygen gradients are observed, with access to abundant oxygen from the air above and nutrients from the solution below. We addressed both of these problems and showed that there is a general strategy for the formation of a pellicle based on the association of the micro-colony clumps, along with changes in cell size and, possibly, the cell division pattern. The proteins participating in the regulation of this process are similar to those participating in the maturation of older biofilms; however, their expression patterns may vary.
